Copper ore grades of the Cuajone, Quellaveco, and Toquepala porphyry Cu(-Mo) deposits, situated at 3,000 to 4,000 m a.s.1. on the Pacific slope of the Cordillera Occidental of southernmost Peru (lats 17ø02'-17ø15 ' S), have been markedly increased by supergene sulfide enrichment. Following the emplacement of the hypogene mineralization in the early Eocene (52-57 Ma) as the terminal stage in the development of the Toquepala Group continental volcano-plutonic terrane, this Andean transect was gradually reduced by erosion in a semiarid climate to a low altitude topography; unroofing of the deposits had taken place by the midOligocene. The initiation ofcordilleran uplift at ca. 25 to 26 Ma, accompanied by the episodic eruption of felsic ash-flow tuffs at the oceanward front of the volcanic arc, led to more rapid erosion and the conversion of the mid-Tertiary landscape into the subplanar Altos de Camilaca surface. This regionally extensive pediplain constitutes the major landform component of the present precordillera surrounding the porphyry centers; its final configuration was attained at ca. 18 to 19 Ma. Ash-flow tuff eruption was widespread and frequent at this time.
Methodology of the present study
Our aims in the present research were to establish the geologic-geomorphologic evolution of the areas immediately surrounding the Cuajone, Quellaveco, and Toquepala deposits subsequent to hypogene mineralization and to correlate those histories with the distribution of supergene ore minerals at each site. K-Ar dating of felsic ash-flow tuff units permits the delimitation of the ages of landforms which underlie or truncate them in the mine areas. The occurrence and nature of supergene minerals have received only reconnaissance study (Horlick et al., 1981; Satchwell, 1983 ; Clark, in prep.). Both "massive" and "sooty" supergene sulfide assemblages occur in the three deposits. As Sillitoe and Clark (1969) have shown, the initial stages, or lower limits, of enrichment zones are characterized by the development of powdery aggregates of copper sulfides, whereas more extensive replacement of hypogene minerals results in coarser grained, sectile masses of the supergene sulfides. Sooty assemblages are, however, also developed in the early stages of oxidative conversion of chalcocite and djurleite to more sulfur rich copper sulfides (e.g., anilite; Clark and Sillitoe, 1971) . At Cuajone and Quellaveco, the single enrichment blankets, or chalcocite zones, are defined largely on the basis ofmegascopic mineralogical relationships and copper ore grades. At Toquepala, at least two spatially separated enrichment zones have long been recognized (Richard and Courtright, 1958) , but the irregular distribution of supergene chalcocite (sensu lato) has not been investigated in detail. Regardless of these deficiencies, we consider that the enriched zones in each deposit are sufficiently delimited to permit their broad correlation with stages in local landform evolution.
It should be emphasized that our methodology differs radically from that employed by Gustafson and Hunt (1975) and Alpers et al. (1984) and Alpers and Brimhall (1988) in their analyses of the age and formational conditions of supergene enrichment zones at E1 Salvador and La Escondida, Chile, respectively. This is in part because careful search has so far failed to reveal the occurrence of supergene alunite suitable for K-Ar dating. More critically, the undoubtedly complex geomorphologic evolution of the mineralized areas during the Neogene would introduce unacceptable uncertainties to the mass balance calculations central to the model developed by Alpers and Brimhall at La Escondida, where a much simpler sequence of landform events attended the supergene processes. The physiographic development of the precordillera of southernmost Peru has played a key role in promoting and restricting the enrichment of the porphyry copper deposits and is thus critical to our analysis.
Our interpretations of the interrelations of supergene mineral zones and geomorphology are based on the standard supergene profile first defined in detail by Emmons (1917 
Geology and Geomorphology of Southernmost Peru
Selected features of the present-day topographic relationships, the post-Eocene geologic units, and the major Neogene landform domains of the area of study are outlined in Figure 2a- (1981, 1984) . In outline, four major physiographic terrains constitute the present-day topography ( Fig. 2a): (1) the Cordillera de la Costa, a discontinuous belt of mountains attaining elevations of ca. 1,000 to 1,800 m a.s.1.; (2) the Llanuras Costaneras, a sloping faceted terrain rising northeastward from ca. 350 m a.s.1. at the inner foot of the coastal mountains to ca. 3,000 m a.s.1.; (3) the precordillera (informal term), a subplanar ca. 4,000-m bench with a steep southwestern interface with the Llanuras; and (4) the main Cordillera Occidental, which at this latitude is dominated by stratovolcanoes, in part glaciated, and reaching a maximum elevation of 5,815 m a.s.1. at Volcftn Tutupaca (Fig. 2a) (Fig.  2b) . Beginning in the late Oligocene and continuing into the early Miocene, a succession of more abrupt uplift episodes resulted in the development of a regionally extensive, generally subplanar, largely degradational landscape, now preserved in the precordillera (Fig. 3a) and at the summits of the Cordillera de la Costa (Fig. 2a and c) Fig. 3d ), but an extensive topographic step defines much of the upper limit of the surface in the Desierto de Clemesl north of the Rio Moquegua (Fig. 2) ; in the area of the ore deposits, the Altos de Camilaca surface has, in part, the form of a pediment dome (Mabbutt, 1955; Cooke and Warren, 1973, p. 196 In Quebrada Cocotea, the active drainage system immediately to the south of Quebrada Chuntacala (Fig. 4) (Fig. 4) . This involved the erosion of much of the local Huaylillas and Chuntacala Formations volcanic cover and, eventually, renewed incision into the orebody along the axis of the Chuntacala Valley. A cross section (Fig. 7) illustrates the premine topography in the immediate Cuajone mine area, the broad distribution of postore geologic units, and the approximate boundaries of the supergene zones. Cuajone was originally a 470-million-metric-ton deposit, with an average grade of 1 percent Cu, and containing ca. 75 million metric tons of enriched sulfide ores (avg grade > 1.5% Cu). The sulfide enrichment, dominated by chalcocite sensu stricto, was apparently confined to a single blanketlike horizon, some 20 m in average thickness, which dipped gently to the west, and in the north-south cross section, showed a gentle troughing in its central portions (Fig.  7) . To the south, the enrichment zone thinned markedly toward the limit of the mineralized zone (Fig.  5b) . Partially oxidized ores with remnant supergene chalcocite were locally intersected by the (premine) floor of Quebrada Chuntacala, and beneath the northern interfiuve, were clearly exposed on the floor of the palcovalley at the base of the Chuntacala Formation; oxidized remnants of chalcocite persist to within a few meters of this erosion surface. Moreover, it is evident that in the eastern area of the pit ores containing both coherent (massive) and powdery (sooty) chalcocite occurred within a few meters of the unconformity (palcovalley sides and bottom) underlying the gray agglomerate. It is not known if chal- (Fig. 7) , and/or the development of the transitional enriched ores, may reflect valley incision in mid-Huaylillas Formation times, but it is more probable that they were controlled by the undulating nature of the earliest Miocene landforms ancestral to the Altos de Camilaca surface.
Supergene oxidation was probably renewed following the erosion of the Chutacala Formation strata during the Valley and Terrace stage, but it is considered unlikely that significant enrichment has occurred since the middle Miocene.
Quellaveco deposit
Copper ore reserves at the Quellaveco prospect (Fig. 1) (Estrada, 1975) . The Quellaveco orebody is exposed on both flanks of the deep westerly trending valley of the Rio Asana and is elongated in a northwesterly direction (Fig. 8) .
The broad physiographic relationships' (Fig. 9) cised into a modified Altos de Camilaca surface, represented here (Fig. 10a) A conspicuous feature of the right bank of the Asana Valley for a considerable distance upstream from the Quellaveco deposit (Fig. 10c) is a thick, white- Fig. 12; Estrada, 1975) . Restoration of this offset would enhance the subparallel relationship of the present valley and the trough in the enrichment blanket (Fig. 12) .
The enriched zone at Quellaveco is truncated by the lower slopes of the present Asana Valley. On the north flank of the valley, the unconformity beneath the 9.5 + 0.5-Ma ignimbrite and the underlying conglomerate intersects the sulfide enrichment zone as well as the overlying leached-oxidized zone (Figs. 19. and 13); oxidized remnants of chalcocite occur within 50 cm of this old valley floor. Similar relationships are apparent between the enrichment blanket and the vestigially preserved outliers of tuff on the southern slopes of the valley ( Fig. 12; see Estrada, 1974 Estrada, , 1975 control of the depth of enrichment by postore faults is apparent in some parts of the deposit. This does not, however, explain why the main enrichment zone was both thicker (Fig. 17) and of higher mean grade in the western quadrant of the deposit than in the eastern part in many east-west sections. In the absence of evidence for major north-striking faults through the deposit, this asymmetrical distribution of enrichment may be inferred to reflect primary-grade variations, or the preservation of thick impermeable rhyolites (Serie Alta) of the premineralization Toquepala Group over the eastern part of the orebody (Richard and Courtright, 1958), which could have inhibited copper leaching and enrichment.
At the northern and southern limits of the open pit, the main enrichment zone was locally separated from the lower slopes of Quebrada Toquepala by less than 20 m (Fig. 17) , and its formation therefore certainly predated at least the later stages of valley incision. The overall southerly dip (ca. 8o-9 ø ) of its Bottom level at 3,085 m a.s.i. upper surface, broadly paralleling that of the upper precordilleran slope in the southern part of the mine area (Fig. 15b), implies a control by a subplanar The ore deposits were emplaced in the early Eocene (Clark et al., 1990 ) at shallow depths (equivalent to confining pressures of ca. 100-150 bars; Zweng, 1984) but, given the considerable thickness of subaerial volcanic strata constituting the Toquepala Group, at a significant elevation (>2,000 m a.s.1.). Following their unroofing in the Eocene and Oligocene during a prolonged period of comparative tectonic quiescence, all three porphyry centers experienced a history of episodic uplift and mantling by tuffs during the initial stages in the development of the present-day Cordillerra Occidental at this latitude. It is evident that supergene activity was most intense during conversion of a regionally extensive erosional surface of low altitude and relief into the faceted, polyphase, and mountainous landscape of the present precordillera.
Despite the lacunae in our knowledge of local Neogene geologic events, a comparison of the enrichment histories of these three deposits provides a basis for an understanding of the factors which influence supergene processes. In particular, the progressive increase in the extent of chalcocite mineralization, from the modest blanket at Cuajone through the thicker enriched zone at Quellaveco to the multiple blankets at Toquepala, can be linked with differences in erosional history and the extent of burial beneath Neogene pyroclastic rocks. It is apparent that the critical parameters affecting the formation and/ or preservation of enrichment zones in these deposits were (1) the location and rate of valley incision during the early Miocene; and (2) the local frequency ofemplacement and persistence of Miocene tuffs. Both parameters were themselves strongly influenced by the local regime of fluvial channel development.
In passing from Cuajone to Toquepala, there was evidently a progressive diminution in the intensity (i.e., extent and frequency and/or rapidity) of valley development across the evolving subplanar precordilleran landscape during the earliest Miocene and a concomitant decrease in blanketing by tuff flows. At Cuajone, we infer that the supergene sulfide enrichment blanket is largely relict from the late Oligocene Although there is some evidence that major enrichment may have locally persisted to a slightly later period in southern Peru than in northern Chile, the available age constraints are insufficient to define a significant northerly change in the time of enrichment cessation. Instead, in comparing the two broad transects, we would emphasize the greater extent, both absolute and relative, of the late Oligocene to middle Miocene uplift events in southern Peru. Thus, whereas much of northern Chile had already achieved considerable altitudes by the Eocene (e.g., Mortimer, 1973) , southern Peru lay close to sea level until the late Oligocene (Tosdal et al., 1984) . Thereafter, uplift and crustal thickening were far more abrupt in this area than farther to the south. This would favor deep enrichment of the ore deposits. However, the region surrounding the Cuajone, Quellaveco, and Toquepala porphyry centers experienced more intense volcanic activity during the late Oligocene and early Miocene interval than did geomorphologically comparable areas in northern Chile. The closely spaced eruption of thick tuffs at this critical juncture in southern Peru must have played a key role in limiting the extent of enrichment in the deposits under study and particularly in the case of Cuajone. In contrast, there is no evidence for local volcanism in the area surrounding La Escondida, Chile, during the early and middle Miocene, thus permitting essentially uninterrupted development of an enrichment blanket both considerably thicker and of higher grade than those preserved in southern Peru. Volcanism of late Oligocene In conclusion, we propose that the approach followed in the present study, involving the clarification of the geomorphologic evolution of mineralized districts, holds considerable promise in the prediction of the extent of supergene enrichment in cordilleran environments, as was early envisaged by those pioneers of modern Andean landform study, Kenneth Segerstrom and Stanley Hollingworth.
